High-density apple orchards on dwarfing rootstocks offer economic advantages as a result of earlier and greater fruit yield per unit of land area (Quamme et al. 1997 ). In the major fruit-growing area of southern interior British Columbia, about two-thirds of orchards are located on coarse-textured sandy loams, loamy sands or sand soils composed of more than 50% sand sized particles. Such soils offer advantages to orchard production including rapid drainage, but are sensitive to management problems associated with their generally poor nutrient and water retention capacities (Ross et al. 1985) . Problems can be exacerbated by the shallow and concentrated rooting of trees on dwarfing rootstocks when drip-fertigated (Neilsen et al. 1997) , resulting in the development of nutrient deficiencies such as K, not normally observed for traditional, sprinkler-irrigated orchards with widely spaced trees.
Fertigation of KCl is effective for ameliorating K-deficiency and improving tree and soil K status (Uriu et al. 1980; Klein 1992; Neilsen et al. 1998 ), but there has been little assessment of the effectiveness of other soluble K fertilizers, which may contain additional plant nutrients. For example, soil Mg availability can become relatively low in leached soils after K-fertigation (Neilsen et al. 2000) . Magnesium deficiency has an occasional and long established occurrence in British Columbia (Woodbridge 1955) . Thus, the relative effectiveness of Mg-containing potassium magnesium sulphate (KMag) would be of interest to orchardists.
In most fruit production regions of the world, adequate Ca is considered the most important nutritional factor for optimizing the harvest quality and minimizing post-harvest storage disorders of apple (Vang-Peterson 1980; Himelrick and McDuffie 1983) . Emphasis has often been placed on achieving balanced Ca, Mg and K nutrition of fruits (Bramlage et al. 1980 ) and concern expressed that excessive K may increase the incidence of Ca-related disorders such as bitter pit (Ferguson and Watkins 1989) . This implies that K-fertigation may be detrimental to fruit quality, although few studies have assessed the direct effect of K-fertilization upon fruit Ca concentration and fruit quality (Cummings 1985) .
Thus a 3-yr field experiment was designed to test the effects of various fertigated K-fertilizers, including KMag, on soil, leaf and fruit Ca, Mg and K content and fruit yield and quality in a high density Jonagold/M.9 apple orchard.
MATERIALS AND METHODS
An experimental block of Jonagold/M.9 apple (Malus × domestica Borkh.) was planted in 1993 at 1-m spacing within rows, 3 m apart. Trees were trained as slender spindles, each tree supported by a post. The block was maintained in a 2-m-wide herbicide strip according to standard commercial production practices with respect to insect and disease control, pruning, drip-irrigation and fertilization (annual N and Zn only) (British Columbia Ministry of Agriculture and Food 1998). Annual leaf K concentration ranged from 1.5 to 1.7% for the block prior to the experiment, suggesting K sufficiency (Shear and Faust 1980) . Nevertheless a K experiment was initiated since Jonagold and other apple cultivars are frequently fertilized commercially with K, despite limited knowledge of critical leaf K concentrations or consequences to fruit quality. Commencing in 2000, when trees were in their 8th leaf, seven fertigation treatments were established in a randomized and replicated complete block design with six replicates (four-tree plots) each plot separated by a guard tree at each end. Treatments were (1) a control not receiving K, (2) 15 g and (3) 30 g K/tree/yr as KCl (0-0-60), (4) 15 g and (5) 30 g K/tree/yr as potassium magnesium sulphate (0-0-22-11% Mg-22%S, henceforth referred to as KMag), (6) 30 g K/tree/yr as potassium sulphate (0-0-50-17%S) and (7) 30 g K/tree/yr as liquid potassium thiosulphate, henceforth referred to as KTS (0-0-25-17%S). All fertilizers were available commercially except for potassium sulphate, which was purchased as an ultra fine grind suitable for fertigation from Diamond K (Richfield, UT). All treatments were also fertigated with a total of 15 g N/tree each year as ammonium nitrate (34-0-0) with daily applications made post-bloom for approximately 6 wk until early summer (2000 Jun. 05-Jul 10; 2001 May 14-Jun. 26; 2002 May 16-Jun. 28 ). K applications were made over approximately 6 wk during the summer when fruit size began to increase rapidly (2000 Jun. 26-Aug. 04; 2001 Jun. 26-Aug. 14; 2002 Jul. 02-Aug. 19 ). All trees received daily irrigation, as is essential for adequate fruit production in the semi-arid region, from about May 01 to Oct. 01 each year via 4 L . h -1 pressure compensating emitters located midway between trees (0.5 m) within the tree row. Irrigation ran 2 h daily delivering 8 L of irrigation water/tree. No overhead cooling occurred in the orchard.
The experimental site was located on a Skaha loamy sand soil series belonging to the Chernozem Order, Brown Great Group and Orthic Subgroup (Wittneben 1986) , extensively planted to fruit crops in southern British Columbia. These soils have limited nutrient-and water-holding capacities as a result of low organic matter and exchange capacity. In March 2003, after three complete growing seasons, soil samples were collected from every treatment and replicate as composites, comprised of three samples collected directly beneath the drip emitters located in the middle of each plot at 0-to 10-, 10-to 20-and 20-to 30-cm depths. Thus, samples represented conditions under drip-irrigation where soil chemical changes are most rapid and roots are concentrated (Neilsen et al. 1997) . Samples were oven dried at 55°C prior to determination of Ca, Mg and K via atomic absorption spectroscopy after extraction in 1M NH 4 OAc. Soil pH was also measured on a 1:2 (wt:vol), soil:water slurry (Kalra and Maynard 1991) .
Composite samples of 30 leaves from the mid-portion of the extension shoots of the current year's growth were collected in mid-July of each growing season from each treatment and replicate. All samples were oven-dried at 65°C and ground in a stainless steel mill. One-gram samples were dry-ashed at 475°C and dissolved in 0.5 M HCl for determination of Ca, Mg and K by atomic absorption spectrophotometry.
Each year at commercial harvest, the number and weight of fruit (allowing the calculation of average fruit size) were recorded for each experimental plot. A randomly selected 10-apple subsample from each plot was evaluated for solid skin red colour (to the nearest 5%), flesh firmness, titratable acidity (TA), and soluble solids concentration (SSC) each year. Percent red skin colour was estimated visually. Flesh firmness was determined with a Baullaf penetrometer (11.1-mm-diameter tip). SSC in the juice was measured with a refractometer and TA was determined by titration of juice with 0.1 M NaOH to an 8.1 pH end point. Juice was obtained from sectors taken from each apple in the 10-fruit subsample. An additional 10-fruit sample was collected annually from the outside of the middle third of the canopy from all trees in each plot and was used to evaluate the incidence and severity of disorders at harvest. Bitter pit was classified as slight (one or two areas up to 2 cm wide), moderate (less that one-third of the cortex) or severe (more than one-third of the cortex affected). Watercore was also observed and assessed as slight (small areas around the seed cavity and vascular bundles), moderate (< 25% of cortex) or severe (> 25% of cortex).
Another random sample of fruit (n = 10) was selected at harvest from each treatment and replicate and rinsed under running, distilled water and then air-dried. Stem tissues and seeds were removed and opposite, unpeeled quarters were blended with 1.5 times their weight of distilled water. A 150-mL subsample was further homogenized with a highspeed tissue homogenizer. A weighed 9-mL subsample of homogenized slurry was digested in 5.4 mL of concentrated H 2 SO 4 containing Na 2 SO 4 (1.8 g), Cu (0.36 mL 25% CuSO 4 solution), and Se (0.67 g L -1 ) at 350°C for 1 h. Calcium, Mg and K were determined in these extracts via atomic absorption spectrophotometry.
Analysis of variance (ANOVA) was performed on all leaf and fruit data as a randomized complete block design with six replicates (SAS Institute, Inc. 1989) . Fruit data when expressed as a proportion were arcsine transformed prior to ANOVA. Data were analyzed separately by year due to the annual variation in yield over the experimental period. For leaf and fruit data, single degree of freedom contrasts were used to determine the effects of fertigating K (control vs. all other treatments), comparisons of KCl vs. KMag at two Krates (K-form), comparisons of 15 g vs. 30 g K/tree for KCl and KMag (K-rate), the interaction of K-form × K-rate, and comparisons of individual K-fertilizers at the 30 g K/tree rate including K 2 SO 4 vs. KTS and KMag vs. K 2 SO 4 . For soil data, ANOVA was performed on sampled treatments with mean separation by Duncan's multiple range test.
RESULTS AND DISCUSSION

Soil Cation Status
Soil cation status was altered throughout the surface 30-cm depth directly beneath the drip emitters after 3 yr of different K-fertigation treatments, as indicated by analysis of samples collected in spring 2003 from the high rate (30 g K/tree) and control treatments (Table 1) . Potassium concentration was increased by fertigation of all K-forms with no consistent differences among forms over the three sampled depths. KMag also increased exchangeable soil Mg throughout the sampled soil profile, relative to all other treatments. The KTS treatment significantly reduced soil Mg relative to the control treatment at 10-to 20-cm and 20-to 30-cm depth. This treatment had the lowest pH in 2003 at these two depths (Table 1 ). In general, exchangeable soil Ca was highest at all soil depths for control and K 2 SO 4 treatments. Calcium values were significantly less than control treatments at all three depths for the KMag and KTS treatments, a likely consequence of their greater ability to displace Ca, whether through the addition of both K and Mg (KMag) or K under acidifying conditions (KTS).
In previous studies on root distribution of apple trees on dwarfing rootstocks that were drip-irrigated daily and grown in coarse-textured soils, the average location of roots directly beneath the emitters was within 30 cm of the soil surface and roots were laterally concentrated near the tree row (Neilsen et al. 1997 ). This K study indicated that it is relatively easy to alter the cation status of this important rooting zone within 3 yr by annual fertigation of various soluble cation-containing fertilizers. For example, availability of soil K was particularly increased below 10 cm depth, where K values were otherwise low for control treatments, after application of 90 (3 × 30) g K/tree, regardless of chemical form of the applied K. Similarly, application of 55 (3 × 18.3) g Mg in association with the 90 g of K (contained in KMag) was sufficient to alter soil Mg status throughout the sampled soil depth. Thus, use of KMag as a fertigant would suffice to prevent the absolute and relative decline in soil Mg previously associated with K-fertigation (Neilsen et al. 2000) . However, soil Ca decreased as soil Mg increased. The rapidity with which these soil nutrient changes occurred in these relatively unbuffered soils indicates a need for regular soil sampling to monitor soil cation changes when repeated, annual applications are made of fertilizers containing single cation nutrients.
Leaf K, Mg and Ca
Leaf K was increased by the various K-fertigation treatments relative to the control trees, receiving N-only, throughout the 3 yr of the experiment (Table 2) . Increasing the rate of fertigated K from 15 to 30 g K/tree as KCl or KMag also increased leaf K in the last 2 yr of the study. There were few differences in leaf K performance among K forms throughout the study, with the exception of first year when single degree of freedom contrasts indicated a higher leaf K concentration for trees fertigated with 30 g K as KTS rather than K 2 SO 4 . Fertigating K decreased leaf Mg as indicated by highest leaf Mg concentrations consistently observed for control trees not fertigated with K during the study (Table 2) . Increasing the rate of K applied as KCl and KMag further decreased leaf Mg concentration in the first year, although this effect was not observed for Mg-contain- *** *** *** **** **** **** * ** **** * *** **** z All K treatments applied at 30 g K/tree annually. y Potassium,magnesium sulphate. x Potassium thiosulphate. w Values within a column followed by different letters are significantly different at P ≤ 0.05 level of probability using Duncan's multiple range test. v Indicates the level of significance of the F-test as a whole, P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), or P ≤ 0.0001 (****).
ing KMag in the second year or either form in the third year. Some differences in leaf Mg concentration were observed among forms of K fertigant with leaf Mg concentration higher for trees receiving KMag rather than K 2 SO 4 from 2001 to 2002 and for trees receiving K 2 SO 4 rather than KTS in 2001. It is also noteworthy that in 2002, after 3 continuous years of fertigated K application, leaf Mg concentrations were less than control trees for all treatments except for trees to which KMag was applied. Leaf Ca concentration was less affected by fertigation than Mg or K. Effects commenced only in the second year when fertigated K-treatments reduced leaf Ca concentration. This effect was not generally observed in the third year over all forms, although application of KMag, which contained both K and Mg reduced leaf Ca relative to KCl.
Previous research has indicated that the application of 15-30 g K per tree as KCl directly with irrigation water is sufficient to increase leaf K concentration from deficient values . Although trees in our more recent study had leaf K concentrations well above the 1% deficiency threshold (Shear and Faust 1980) , the cumulative evidence indicates that fertigation of any sufficiently soluble K-form will augment apple tree K-nutrition. Leaf K concentration can be increased rapidly within a single growing season, increases as rate of applied K increases, but may be associated with decreased concentrations of especially Mg and to a lesser extent Ca.
Reduction of leaf Mg concentration after fertigation of K is a documented consequence of fertigating K to overcome deficiency (Neilsen et al. 2004) . It was also observed in this latest experiment when K and Mg concentration were both at adequate values. Magnesium-containing KMag fertilizer had a moderating effect on leaf Mg decline although leaf Mg concentration was not increased by its application, indicating a preferential uptake of K by apple from a fertilizer containing 18% K and 11% Mg. This also implies that if leaf Mg concentrations are in the deficiency range (< 0.20% for apple) and K concentrations are already adequate, a soluble fertilizer containing Mg alone could be more effective. The application of both K and Mg (as with KMag) has the potential of reducing leaf Ca uptake in the long term, although significant decreases in leaf Ca concentration were observed for this treatment only in the third year. Leaf Ca greatly exceeded the 0.70% deficiency concentration, indicating an adequate supply of Ca for leaves in this experiment (Shear and Faust 1980) .
Fruit K, Mg and Ca
The effects of K-fertigation on fruit K concentration were not observed until the second and third year of the study (Table 3) . Increases in fruit K concentration associated with increasing the application rate of both KCl and KMag from 15 to 30 g K/tree, occurred in the third year of the study. Fruit Mg concentration changes were much less than those observed for leaves, being restricted to consistently higher fruit Mg concentrations after fertigation with KMag rather than K 2 SO 4 . Fruit Ca concentrations were not differentially affected by K-fertigation during the first 2 yr of the study. In the last year of the study fruit Ca concentration was decreased at the high (30 g K/tree) rate of KCl and KMag relative to the control and 15 g K/tree rate of KCl and KMag. K-fertigation significantly increased the fruit K/Ca ratio for all K-fertigated trees commencing in the second year (2001) .
Increased concentration of K in fruit, especially relative to Ca concentration has been a commonly reported consequence of broadcast (Erani et al. 2002) and fertigated (Klein 1992 ) applications of K. Decreases in fruit Ca concentration were slight, and minimal effects on fruit Mg have also been observed after high rates of K-fertigation in Brazil (Erani et al. 2002) . Whole fruit Mg and K concentrations measured for Jonagold at harvest (Table 3) were within the normal x Specified single degree of freedom contrasts not significantly different (NS) or significant at the probability level indicated as P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****).
range for standard cultivars grown commercially in southern British Columbia (Wolk et al. 1998 ) with fruit K exceeding the 100 mg K/100 g FW concentration associated with Kdeficiency (Neilsen et al. 2004 ). In contrast, fruit Ca concentrations were very low for all treatments, including the controls not receiving K, much below the 4.0 mg Ca/100 g FW harvest concentrations which has been suggested as a critical threshold, below which Ca-related fruit quality problems might be expected (Neilsen and Neilsen 2003) . The simultaneous existence of inadequate fruit Ca with adequate leaf Ca concentrations for these Jonagold trees supports the general belief that fruit Ca disorders reflect low Ca transport to phloem-dependent organs rather than inadequate supply from the soil (Himelrick and McDuffie 1983) .
Fruit Yield and Quality
Treatments had no effects on tree vigour (data not shown), yield and size of fruit or many fruit quality parameters including fruit firmness, percent red colour and titratable acidity (Table 4) . Thus, despite relatively low soil organic matter (and S) contents at the experimental site, there was no evidence to indicate significant confounding growth responses to other nutrients, such as S, co-applied with the K contained in the different treatments. Typical of Jonagold grown in this region, fruit size was very large, exceeding 300 g over all treatments in 2001. As a result of the large fruit size, fruit firmness was generally low. Red colour and titratable acidity showed typical values and year-to-year ranges for this cultivar.
Fruit SSC was most affected by treatments during the study with control fruit not receiving K having greater SSC at harvest relative to the K-fertigation treatments in 2 of 3 yr (Table 5) . In first year, SSC increased as rate of fertigated KCl increased from 15 to 30 g K/tree but decreased with increased rate of KMag, reflecting the significant interaction between rate and form of K. The major physiological disorders of fruit observed during the study were bitter pit and water core, which were only affected by treatments in a minor way (Table 5) . For example, incidence of bitter pit was unaffected by treatment throughout the study, while severity of bitter pit was greater in the last year of the study for fruit receiving KMag-relative to fruit receiving KCl. Occasionally, incidence or severity of water core was associated with treatments, as indicated by a higher incidence of water core for KMag-rather than K 2 SO 4 -treated fruit in 2001 and a greater severity of water core in all K-fertigated fruit in 2001 and for KMag (relative to K 2 SO 4 ) fruit in 2002.
The lack of response of fruit production (size and yield) and the fruit quality parameters red colour and titratable acidity to K-fertigation treatments are consistent with adequate leaf and fruit K concentrations observed during the study, regardless of treatment. Thus, K-fertigation treatments were made in an experimental block sufficient in K. Increased yield, higher percent red colour and greater fruit acidity (TA) have been previously reported consequences of increasing K supply to K-deficient trees (Cummings 1985) . A decrease in fruit SSC after application of K as K 2 SO 4 when K nutrition was sufficient has previously been mea- Specified single degree of freedom contrasts, not significantly different (NS) or significant at the probability indicated as P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***) or P ≤ 0.0001 (****). sured for Conference and Doyenne du Comice pears in England (Johnson et al. 1998) . Decreases in SSC as high as 0.6% were however not detectable in taste-panel assessments of those fruit. The decreased SSC observed in our apple study implied that K-application delayed maturity, but average starch values at harvest were unaffected (data not shown).
Bitter pit was economically the most important harvest disorder observed in this cultivar. It has been well established that bitter pit is a Ca-related disorder, which is effectively ameliorated by foliar Ca applications (Ferguson and Watkins 1989) . The overriding nutritional characteristic of the Jonagold apples in the experiment was the low harvest fruit Ca concentrations regardless of treatment. Thus, large fruit size rather than fertigation of various K forms, was the most important factor in the commercially unacceptable high incidence and severity of bitter pit observed at harvest in this study. Nevertheless K application, regardless of form, increased the ratio of whole fruit K/Ca. Although no fruit storage studies were conducted on this fruit, this ratio has previously been positively correlated with an increased susceptibility of British Columbia fruit to subsequent development of storage disorders (Wolk et al. 1998) . A high fruit K/Ca ratio has been identified as problematic in other fruitgrowing regions with K/Ca ratios less than 28/1 recommended for Jonagold growing in Poland (Piestrzeniewicz and Tomala 2001) and less than 30-35/1 for Golden Delicious in northern Italy (Drahorad and Aichra 2001) . The high K/Ca ratios of Jonagold fruit in our study, especially in [2001] [2002] , indicate that foliar application of Ca, regardless of treatment, would have been desirable. Furthermore, despite the unproved link between K application and bitter pit in this study, it would be prudent when fertigating K to also consider implementing a foliar Ca spray regime. This would be particularly relevant when K application rates exceed 30 g/tree, where Mg is also being applied, harvest fruit size is anticipated to be large and cultivars or sites are known to be susceptible to the development of bitter pit disorders at harvest. Since the development of water core shows little relationship with fruit Ca nutrition (Ferguson and Watkins 1989) and furthermore tends to decrease after fruit storage, Ca application is less important for this disorder.
CONCLUSIONS
The K status of this apple orchard on coarse-textured soil responded rapidly to K-fertigation, with increased leaf K concentration in the first year, increased fruit K concentrations by the second year, and increased soil K availability through the surface 30 cm depth after 3 yr. There were few differences among K-forms indicating a range of materials would be suitable fertigants for improving inadequate Knutrition. Use of KMag was effective at increasing extractable soil Mg content, but relative effects on leaf Mg concentrations were slight, indicating the difficulties of ameliorating inadequate Mg via fertigation when co-applying K. Differential effects of treatments on leaf and fruit Ca concentrations were minimal. The sensitivity of the orchard production system to long-term disruption in Ca nutrition was indicated by a general decrease in soil Ca availability after fertigation of K, especially in association with Mg additions and low pH, and by increased whole fruit K/Ca ratios at harvest.
During the experimental period, leaf K and Mg concentrations were adequate, but fruit size was very large and fruit Ca concentrations inadequate for prevention of bitter pit over all treatments. Thus, for these Jonagold, the most effective production strategy would have been to make foliar applications of Ca and investigate fruit thinning strategies, such as king bloom removal and retention of more doubles, that might reduce fruit size without compromising regular, annual cropping. It was also apparent that fertigation of K, w Incidence ranges from none (0.00) to all sampled fruit (1.00) affected. x Severity ranges from none (0) to slight (1), moderate (2) or severe (3). Specified single degree of freedom contrasts, not significantly different (NS) or significant at the probability indicated as P ≤ 0.05 (*).
when Jonagold leaf K concentrations averaged 1.4 to 1.6%, as in this block, was not essential to optimum performance of these trees. Although K-fertigation had minimal effect on fruit Ca concentration relative to large fruit size, it nevertheless increased fruit K/Ca ratio, which has been associated with reduced fruit storage quality. Thus, application of significant amounts of K to coarse-textured soils, via irrigation water, when the K nutritional status of apple trees is unknown, should be accompanied by vigilance to ensure Ca concentration of harvested fruit is optimum.
